Abstract. Hepatocellular carcinoma (HCC) is a common solid tumor worldwide with a poor prognosis. Accumulating evidence has implicated important regulatory roles of epigenetic modifications in the occurrence and progression of HCC.
Introduction
Hepatocellular carcinoma (HCC), a common solid tumor, is the third most frequent cause of cancer-related death in the world. Hepatitis B virus (HBV) infection is the main cause of HCC in China (1) . Individuals with chronic HBV infection, especially those who have progressed to chronic liver disease and cirrhosis, are at high risk of developing HCC (2, 3) . Most HCC patients are diagnosed at their advancing stage and refractory to chemotherapy and radiotherapy (4, 5) . Even if the patients receive liver transplantation, the recurrence rate is still high (6) .
Epigenetic modifications are found to play important roles in various biological processes especially in cancer development (7) . Methylation of DNA at 5-position of cytosines (5-mC) is a key epigenetic mark that has been extensively studied in many types of malignancies (8) . Aberrant DNA methylation of promoter CpG islands has been associated with global hypomethylation and specific loci hypermethylation, which has the potential to become diagnostic markers for the progression of malignant tumors (9) . 5-mC can be converted to 5-hydroxymethylcytosine (5-hmC) by the ten-eleven translocation (TET) family proteins. In mammals, 5-hmC is detected in almost all tissues and cell types (10, 11) . Emerging evidence has shown that 5-hmC and TET family might serve unique biological roles in many biological processes such as gene expression regulation, gene transcription and DNA methylation regulation (12, 13) . Several studies have found 5-hmC alternations in the epigenetic regulation of various diseases, including cancer (14) .
Studies of DNA methylation changes in HCC have led to the identification of several candidate methylated genes as potential tumor biomarkers (15, 16 ), yet, little is known about hydroxymethylation distribution in HCC. In previous studies, DNA methylation was determined using methylation sensitive polymerase chain reaction combined bisulfite restriction analysis (COBRA) or bisulfite sequencing techniques. With the development of high-throughput sequencing technologies, the whole-genome DNA (hydroxy)methylation profiling in cancer has generated data with significantly higher quantity and quality (17, 18) . However, most existing studies of DNA methylation in HCC employed Infinium HumanMethylation BeadChip Arrays or Methylation Microarray (19, 20) , which may have some limitations on resolution and scope. A novel method termed (hydroxy)methylated DNA immunoprecipitation sequencing [(h)MeDIP-Seq], combining DNA immunoprecipitation with high-throughput sequencing, has emerged as an advantageous tool for identifying (hydroxy) methylated CpG-rich sequences in a much faster and more sensitive manner than ever before.
In an attempt to explore the 5-mC/5-hmC changes in HCC, we performed a genome-wide mapping of 5-mC/5-hmC in four paired HCC tissues and adjacent peritumor tissues (APTs) using MeDIP-Seq/hMeDIP-Seq.
Materials and methods
Clinical samples. Total of 4 fresh-frozen primary HCC tissues and paired APTs were included in MeDIP-Seq/ hMeDIP-Seq. The collected cancer tissues were excised within the margins of the cancer lesion, and the APTs were collected from a location at least 3 cm distant from the tumor boundaries. All the collections followed the same protocol. All of the cancerous tissues were diagnosed as primary hepatocellular carcinoma, provided by two independent and experienced pathologists. Fresh-frozen HCC tissues and APTs were collected during the surgical resection.
The four HCC patients were HBV surface antigen-positive without hepatitis C virus (HCV) infection and exhibited the same cirrhosis etiology. Retrospectively data were collected including demographic, preoperative laboratory and pathological parameters from electronic medical records, and are summarized in Table I. DNA extraction. Genomic DNA was extracted from frozen HCC tissues and paired APTs using the DNeasy Blood and Tissue kit (Qiagen; 69504) according to the manufacturer's protocol. Briefly, tissues were homogenized using a hand-held homogenizer, digested with Proteinase K (Qiagen; 69504) and RNase A (Qiagen; 19101) overnight at 56˚C, precipitated and washed. Concentration and purity of DNA were measured using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
MeDIP-seq and hMeDIP-seq. As previously described (21, 22) , the genomic DNA was fragmented using a Covaris sonication system (Covaris, Woburn, MA, USA) according to the parameters. After sonication, the fragments were denatured to produce single stranded DNA (ssDNA). Following denaturation, the ssDNA was incubated with anti-5-mC antibody or anti-5-hmC antibody. The antibody-DNA complexes were captured by protein A/G beads, and the MeDIP and hMeDIP products were collected for sequencing with HiSeq™ 2000 sequencing system (Illumina, Inc., San Diego, CA, USA).
Identification of differential methylation/hydroxymethylation regions (DMR/DHMR)
. DMR and DHMR identification are based on reads per kilo base of transcript per million mapped reads (RPKM)-normalized to 5-mC and 5-hmC density, used model-based analysis of ChIP-Seq (MACS).
Functional enrichment analysis.
Functional enrichment analysis is for the genes associated with DMRs and DHMRs. Gene Ontology (GO) (https://david.ncifcrf.gov/) is a standard classification system inferring gene function and gene products. PANTHER website (http://go.pantherdb.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (Web-based Gene Set Analysis Tool Kit and http:// www.kegg.jp/kegg/pathway.html) were also used suggesting physiological functions of these genes.
Ethics statement. All experimental protocols and study methods were approved by the Ethics Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University. The written consent was received from each participant in the present study at the time of surgery.
Results

Global DNA (hydroxy)methylation changes in HCC tissues
and APTs. We isolated total genomic DNA from the 4 HCC tumor tissues and paired APTs, and employed (h)MeDIP-seq to explore genome-wide 5-mC and 5-hmC profiles for the 8 samples. In total, MACS identified 4.52 million reads and 6.0 million reads of sequencing data for 5-mC and 5-hmC, respectively (Table II) . Differential 5-mC and 5-hmC peaks between HCC tumor tissues and paired APTs are shown in Table III . Density distribution of these peaks on the whole genome is shown in Fig. 1 . 5-mC and 5-hmC peak enrichment profiles of HCC tumor tissues compared with APTs in genomic areas were shown in Fig. 2 . Both CvP and PvC differential peaks of 5-mC were enriched in X5UTR and Exon. 5-hmC peak enrichment seemed average in each genomic features.
Analysis of DMR and hDMR-associated genes in promoter regions. Promoter region is an important gene regulation region, and the methylation or demethylation at this region plays a key regulatory role in gene expression. In the present study, we carried out further bioinformatics analysis to identify locus-specific DMRs and hDMRs between HCC tumor tissues and APTs in the promoter region (-3.5K to +1.5K of TSS). The total differential 5-mC peaks (DMRs) that exhibited significant difference between the two groups (>2-fold, P<0.05) were associated with nearly 4097 genes in terms of RefSeq ID. Of the four samples, 1924, 788, 4521 and 734 genes had hypermethylation (5-mC-CvP) at their promoters while 2956, 1667, 2490 and 1310 genes had hypomethylation (5-mC-PvC), respectively (Table IV) . The same analysis was carried out to search for differential 5-hmC peaks (DHMRs) between HCC tumor tissues and APTs in the promoter. An average of 1593 genes were associated. Genes (385, 1506, 391 and 457) showed higher 5-hmC levels (5-hmC-CvP) in the promoter in HCC tissues compared with APTs of the four samples, while 2061, 507, 897 and 171 genes showed lower 5-hmC levels (5-hmC-PvC), respectively. (Table IV) .
Functional enrichment analysis of 5-mC and 5-hmC associated genes.
A total of 1133 5-mC-CvP genes and 1663 5-mC-PvC genes were found in at least two samples ( Fig. 3A and B) . The significant GO categories of these genes are shown in Fig The KEGG pathway analysis showed that the significantly differential hypermethylated genes were enriched in several pathways such as 'Metabolic pathways' (adjP=0.0021) (such as GBE1, GALNT6, NDUFS6, HEXB, RRM1 and CKMT2) and 'Pathways in cancer' (adjP=0.0027) (such as CDKN2A, CDKN2B, APC, GSTP1, DAPK3, FADD, FGF4 and FGF19), while differential hypomethylated genes were enriched in 'Neuroactive ligand-receptor interaction' (adjP=0.0011) (such as P2RY4, SSTR5, AVPR2, MAS1, NTSR1 PRSS3, GHSR and CALCRL) and 'Calcium signaling pathway' (adjP=0.0140) (such as ATP2B3, RYR1, NTSR1, NOS1, HTR5A, SLC25A31, GNAS and DRD5). In Table V all significant KEGG pathways (adjp<0.05) are listed. For protein class by PANTHER website, both hypermethylated and hypomethylated genes were mainly associated with 'Nucleic acid binding', 'Hydrolase' and 'Receptor' (Fig. 5) .
Next, DHMRs between HCC tumor tissues and APTs in the promoter were subjected to the same analysis. A total of 223 5-hmC-CvP genes and 284 5-hmC-PvC genes were found in at least two samples ( Fig. 3C and D) . The most significant GO categories of 5-hmC-CvP genes were 'Plasma membrane' (GO:0005886, p=3.10E-05), 'G-protein coupled receptor protein signaling pathway' (GO:0007186, P=3.60E-03) and 'Intrinsic component of membrane' (GO:0031224, P=1.10E-02). 5-hmC-PvC genes were enriched in 'Cytosol' (GO:0005829, P=3.10E-02), 'Nucleoplasm part' (GO:0044451, P=1.90E-02) and 'Transcription factor complex' (GO:0005667, 560  1924  2957  385  2061  629852  734  1310  457  171  717323  4521  2490  391  897  716677  788  1667  1506  507 CvP, upregulated genes in HCC tumor tissues compared with paired APTs; PvC, downregulated genes in HCC tumor tissues compared with paired APTs. P=1.60E-02). The significant GO categories of these genes are shown in Fig. 6 . KEGG pathway analysis revealed that 5-hmC-CvP genes were enriched in 'MAPK signaling' (such as FGF4, FGF19, MEF2C and FGF3) and 'Pathway in cancer' (such as MMP9, SMAD4, FGF19 and FGF3), while 5-hmC-PvC genes were enriched in 'Cell cycle' (such as MDM2, STAG1 and E2F4) and 'Metabolic pathways' (such as ALG9, FLAD1, ST3GAL4, NDUFC2, POLR2J3, DHRS9 and G6PD). All significant pathways are listed in Table VI . The PANTHER classification system identified that DHMRs associated genes were mainly enriched in 'Nucleic acid binding' and 'Hydrolase', the same as the DMRs (Fig.5) .
KEGG pathway analysis of 'metabolic pathway'-associated genes. There were several 5-mC and 5-hmC changed genes (Fig. 7) .
Both DMR and DHMR-associated genes.
A total of 141 genes were found with both 5-mC and 5-hmC changes in at least two patients. KEGG pathway analysis for these 141 genes identified C, the number of reference genes in the category; O is the number of genes in the gene set and also in the category; E, the expected number in the category; R, ratio of enrichment; rawP, P-value from hypergeometric test; adjP, P-value adjusted by the multiple test adjustment. five major pathways involved ('Cell cycle', 'Pathway in cancer', 'Ubiquitin mediated proteolysis', 'Melanoma' and 'Prostate cancer') were enriched (adjp<0.05). Ten interconnected and enriched genes (PCNA, MDM2, STAG1, E2F4, FGF4, FGF19, RHOBTB2, UBE2QL1, DCN and HSP90AA1) were revealed (Fig. 8) .
Discussion
DNA methylation is one of the major epigenetic mechanisms that regulate gene expression in humans, and the alterations of methylation profiles are regarded as one of the major molecular aberrations in malignancies (23,24). Several C, the number of reference genes in the category; O, the number of genes in the gene set and also in the category; E, the expected number in the category; R, ratio of enrichment; rawP, P-value from hypergeometric test; adjP, P-value adjusted by the multiple test adjustment. studies of genome-wide DNA methylation have shown that the characteristic features of CpGs and certain microRNAs had differences in methylation levels between HCC and noncancerous livers (25, 26) . Thus far, only a few studies have reported that DNA hydroxymethylation is associated with several human cancers (14, 27 ), yet, the biological significance of 5-hmC in tumorigenesis remains unclear. In the present study we showed widespread alterations in DNA methylation and hydroxymethylation in HCC tumor tissues and paired APTs. 5-mC and 5-hmC levels exhibited no significant differences between the groups, which might be due to the huge variation between HCC individuals. The strong features of this study include the highly sensitive method and high-throughput sequencing used, which enabled the non-biased mapping of aberrant (hydroxy) methylation sites between the tumor tissues and APTs, and distinguished the alternation of 5-mC from that of 5-hmC. To the best of our knowledge, this is the first report on the genome-wide profiling of 5-mC and 5-hmC in HCC using this technique.
As is known, in the mammalian genome, methylation takes place only at cytosine bases that are located 5' to a guanosine in a CpG dinucleotide, known as CpG islands. Most CpG islands are found in the proximal promoter regions (28) . Methylation and demethylation in promoter region may regulate gene expression, playing important roles in biology process, especially in the development of tumors (25,29,30) . The identification of genes that are specifically hypermethylated (which results in gene silencing) or hypomethylated (which results in increased transcription) might lead to the discovery of new factors that are important for tumor initiation and progression. In this study, we identified 1133 hypermethylated genes and 1663 hypomethylated genes in the promoter regions, many more than reported in a previous study (19) , proving that MeDIP-seq has a better sensitivity than microarray, and more methylated sites can be found by using this novel technology. GO analysis showed they were enriched in various biological processes. Hypermethylation mostly gathered in 'Regulation'-related biology processes, including 'Regulation of RNA metabolic process' (P=4.10E-05), 'Regulation of kinase activity' (P=8.80E-03) and 'Regulation of transcription' (P=9.40E-04). Although it is widely accepted that 'DNA methylation suppresses gene expression', this statement is an over-simplification. Methylation at the promoter regions can change the interactions between proteins and DNA, which can lead to the alterations in chromatin structure and either a decrease or an increase in the rate of transcription (31, 32) . We indeed found hypermethylation genes enriched in 'protein-DNA complex assembly' (P=9.40E-03). Furthermore, the position of the methylation change relative to the transcription start site is critical to the outcome (23) . 'Binding' is another category where the hypermethylated genes are enriched, and it includes 'DNA binding' (P=4.60E-05), 'Ion binding' (P=1.20E-03) and 'RNA binding' (P=3.60E-02), which are accordant with the results of Zhai et al (33) In contrast, hypomethylation genes are enriched in totally different categories, such as 'Plasma membrane' (p=2.80E-05), 'Cytoskeleton' (P=9.70E-03) and 'G-protein coupled receptor protein signaling pathway' (P=4.60E-03).
Our KEGG pathway analysis identified some interesting pathways for hypermethylation. 'Pathway in cancer' contained genes such as CDKN2A and CDKN2B (cyclin-dependent kinase inhibitor 2A/2B) that are recognized as a tumor suppressor genes. The inactivation of CDKN2A/2B have been reported in several primary tumors (34-36). There might be three different molecular mechanisms resulting in the loss of the CDKN2A/2B gene functions, namely homozygous deletions, point mutations, and transcriptional silencing by methylation at CpG islands. Methylation of CDKN2 has been observed in cell lines and cancer specimens derived from glioma, breast, colonic, head and neck cancers, hepatoblastoma, and in transitional cell carcinomas of the bladder (37-39). Shen et al (40) used Illumina Methylated Arrays and pyrosequencing technique and indicated that CDKN2A may be a potential biomarker for early HCC diagnosis. Another important gene in this pathway is APC (adenomatous polyposis coli) which also is an important tumor associated gene. The profiling of gene promoter hypermethylation across human tumor types showed that APC promoter hypermethylation occurred in tumors including colon, breast, kidney, bladder, esophagus, stomach, pancreas and liver tumors (41) . Furthermore, studies showed that high-level APC promoter methylation is a useful biomarker and predictor in esophageal adenocarcinoma, breast and prostate cancer (42) (43) (44) . Methylation of APC in HCC is frequent and occurs in a gene-specific and diseasespecific manner. It was detected more frequently in hepatitis C virus-positive HCC (45, 46) . Other genes such as GSTP1 (Glutathione S-transferase P1) have also been found to be epigenetically silenced by promoter methylation, and associated with increased risk and shortened survival in patients with various tumors, including HCC, breast and prostate cancer (47) (48) (49) . Promoter methylation and epigenetic silencing of DAPK3 (death-associated protein kinase 3) and FADD [Fas (TNFRSF6)-associated via death domain] have not been studied in depth to the extent of those genes, and only a few studies implicated their participation in cancers such as oral squamous cell carcinoma and non-muscle invasive bladder carcinoma (50) (51) (52) . Their promoter methylation could also be a potential marker for HCC, and further studies are needed to confirm this. Other identified pathways such as 'Cell cycle' (PCNA, STAG1, YWHAZ, ORC1, TFDP2 and CDC23) and 'Chemokine signaling pathway' (GNG12, NRAS, ELMO1, PIK3R5, ADCY5, PRKCZ and PLCB4) are also considered to be important for the development and progression of malignant carcinoma, and the involved genes with their methylation status may provide potential novel biomarkers for HCC.
5-hmC is usually found in human embryonic stem (ES) cells and particularly abundant in certain genomic regions such as enhancers associated with histone modifications and other protein-DNA interaction sites based both on the information of gene expression and sequence composition (53) . However, in human HCC tumor tissues and paired APTs, the locations of DHMRs seemed not to be significantly different among the whole genomic region. Although there is substantial evidence indicating that hydroxymethylation may be associated with actively transcribed genes, the exact biochemical mechanisms still remain enigmatic (54, 55) . Our GO analysis showed that compared with APTs, both highlevel hydroxymethylated genes and hypomethylated genes in HCC tissues were enriched in the same pathways, namely the 'Plasma membrane' (P=3.10E-05) and 'G-protein coupled receptor protein signaling pathway' (P=3.60E-03), indicating that hydroxymethylation as a kind of demethylation may play similar or related roles with hypomethylation. In contrast, the downregulated hydroxymethylated genes are found mainly gathered in the 'Cytosol' (P=3.10E-02).
Although the KEGG pathway analysis for 5-hmC did not come up with as many enriched genes as that for 5-mC, they can still be categorized into a number of meaningful pathways. For instance, high level hydroxymethylated genes such as MMP9, SMAD4, FGF19, FGF3 and MEF2C were enriched in 'Pathway in cancer' and 'MAPK signaling pathway', while low level hydroxymethylated genes were mostly enriched in 'Metabolic pathways' and 'Cell cycle'. 'TGF-β signaling pathway' related genes DCN, E2F4, TFDP1 also have strong correlations with tumors (56) (57) (58) . Since there have been few studies on the hydroxymethylation of these genes, more work is needed to fully elucidate the potential roles of hydroxymethylation. Protein class analysis by PANTHER website showed that both DMR and DHMR-associated genes were in similar category, indicating that genes with hypermethylation or demethylation epigenetic changes tend to be coordinately regulated to participate in similar or related biology processes. Further work is warranted to test this hypothesis.
Over half a century ago, Warburg linked metabolism and cancer through enhanced aerobic glycolysis (59) . This metabolic switch places the emphasis on producing intermediates for cell growth and division. The most rapidly growing tumor cell lines obtain up to 50% of their total ATP production from glycolytic metabolism, with a corresponding decrease in oxidative phosphorylation and in cell mitochondrial content (60, 61) . With numerous in-depth studies, the multifaceted links between metabolism and cancer have now been revealed. Cellular metabolism is regulated by both oncogenes and tumor suppressor genes in a number of key signaling pathways. Metabolism generates oxygen radicals, which contribute to oncogenic mutations. Activated oncogenes and loss of tumor suppressors in turn alter metabolism and induce aerobics (62) . In the present study, we found several 5-mC and 5-hmC changed genes enriched in 'Metabolic pathways', and further analysis showed they were specifically clustered in 'Glycolysis/gluconeogenesis', 'Oxidative phosphorylation' and 'Citrate cycle (TCA cycle)' (Fig. 7) , metabolic pathways were proven to be critical in controlling cancer cell survival and proliferation. Although the regulatory mechanisms underlying aerobic and glycolytic metabolic pathways are complex, our findings indicate that (hydroxy)methylation-based epigenetic modifications may affect the development of HCC through the regulation of cellular metabolism.
DNA methylation as a characterized epigenetic mechanism, its relationship with other biochemical pathways represents a critical stage in the elucidation of biological information processing. Some amino acid metabolism has been related to DNA methylation in tumors, such as homocysteine metabolism and the dynamics of methionine cycle (63, 64) . Accordingly, this study also found several 5-mC and 5-hmC changed genes that are associated with amino acid metabolism, including 'Arginine biosynthesis', 'Cysteine and methionine metabolism', 'Valine, leucine and isoleucine degradation' and 'Arginine and proline metabolism' which may provide new clues for studying the relationship between (hydroxy)methylation and metabolism in HCC.
The present study found that a total of 141 genes have both 5-mC and 5-hmC changes in at least two of the HCC patients. KEGG pathway analysis showed five pathways ('Cell cycle', 'Pathway in cancer', 'Ubiquitin mediated proteolysis', 'Melanoma' and 'Prostate cancer') including ten genes (PCNA, MDM2, SAG1, E2F4, FGF4, FGF19, RHOBTB2, UBE2QL1, DCN and HSP90AA1) are enriched (Fig. 8) . It is known for decades that, PCNA (proliferating cell nuclear antigen) acts as a central coordinator of DNA transactions by providing a multivalent interaction surface for factors involved in DNA replication, repair, chromatin dynamics, and cell cycle regulation (65) , and is involved in the progression of tumors and highly altered in some tumors (66) . Furthermore, studies have shown that the p21 protein negatively regulates targeting of DNA-MTase to the replication associated PCNA. They proposed that the presence of p21 prevents DNA-MTase access to replicating DNA, thereby impeding hypermethylation in normal cells (67) . The present study indicated that (hydroxy) methylation of PCNA might be associated with HCC, which warrants further study. The 90-kDa heat shock protein HSP90AA1, another p21 regulator, has been found highly expressed in many cancers. Its mechanism in the tumorigenesis is varied (68, 69) . Here we provided evidence that methylation or hydroxymethylation of HSP90AA1 may play a crucial role in HCC. The epigenetic alterations of other identified genes such as MDM2, SAG, FGF4, FGF19, RHOBTB2 and DCN in HCC and other cancers also deserve further research.
One of the potential limitations of the present study is the sample size, which may not be sufficiently large. This is mainly due to the high cost of (h)MeDIP-seq, which precludes its application in a large scale. Nevertheless, we performed a rather comprehensive methylation and hydroxymethylation profiling of human HCC tumor tissues and paired APTs, and correlated multiple (hydroxy)methylation-altered genes with a number of important biological pathways. 'Metabolic pathways' are found to contain the largest number of (hydroxy) methylation-altered genes, indicating the crucial roles of metabolic processes (such as glycolysis/gluconeogenesis, oxidative phosphorylation and citrate cycle) in the occurrence and progression of HCC. Some of the identified (hydroxy) methylation-altered genes may serve as biomarkers for the diagnosis and prognosis of HCC. Future studies with a larger sample size combined with a series of biochemical approaches hold the promise of elucidating the specific roles of epigenetic modifications in the pathogenesis of HCC.
